Introduction
The rare-earth doped crystals of double fluorides LiRF 4 (R = Y, Lu) are well known model systems in condensed matter physics which are used for different applications in quantum electronics. Additional attention to these compounds was stimulated recently by their applications as quantum memory optical elements. In this case, the detailed information about energies and wave functions of crystal-field states of rare-earth ions is necessary. Traditionally such information about the ground state is obtained from standard electronic paramagnetic resonance (EPR) measurements at low temperatures. To study excited states, one has to work at enhanced temperatures. However, the temperature increasing induces quick relaxation processes and additional broadening of spectral lines that prevents observation of EPR signals. Direct studies of excited states are possible by making use of tunable high frequency EPR technique that allows us to observe resonance transitions from the ground state to excited states at external magnetic fields. In the present work, we carried out high frequency EPR measurements in LiYF 4 and LiLuF 4 single crystals doped with the trivalent erbium ions.
Rare-earth ions substitute for yttrium or lutetium ions in LiRF 4 (R = Y, Lu) crystals at sites with local S 4 symmetry. The ground multiplet 4 I 15/2 of an Er 3+ ion is split in the tetragonal crystal field to eight Kramers doublets with the wave functions transforming accordingly to irreducible representations Γ 56 or Γ 78 of the S 4 point symmetry group. Crystal-field energies of the ground and several excited multiplets of the Er 3+ ground electronic configuration 4f 11 have been extensively studied by optical spectroscopy [1] [2] [3] . In particular, the measured gaps ( excited doublets are represented in Table 1 below. The results of EPR studies of impurity Er 3+ ions in LiYF 4 and LiLuF 4 crystals (the measured g-factors of the ground and the first excited doublets and the spin-lattice relaxation times) were published in Refs. [4] [5] [6] [7] [8] . The most detailed measurements of spectral characteristics of impurity 166 Er and 167 Er isotopes in the LiYF 4 single crystal accompanied by a comprehensive analysis of the data obtained with making use of the high-resolution magneto-optical spectroscopy were published recently in Ref. [9] . However, we found remarkable differences between some results of our measurements and preliminary calculations where we used crystal-field parameters available from literature. 
Details of experiments and results
We measured EPR spectra within the frequency  range of 37-1040 GHz at 4.2 K in LiYF 4 :Er (0.025%) and LiLuF 4 :Er (0.1%) single crystals grown by Bridgeman-Stockbarger method. The spectra were taken with the wide-band homemade spectrometer equipped by backward wave generators [10] in external magnetic fields up to 1 T. Apart from EPR signals corresponding to intra-doublet transitions, we observed inter-doublet transitions from the Zeeman sublevels of the ground doublet to sublevels of the first and the second excited doublets. Shapes of EPR signals measured at different frequencies in the spectra of LiRF 4 :Er 3+ (R = Y, Lu) are shown in Figure 1 .
Let us number the lower six energy levels of Er 3+ ion in the external magnetic field in ascending order of energy by indices from 1 to 6. The spectral lines corresponding to intra-doublet transitions (see Figure 1a ) have a well resolved hyperfine structure (HFS) due to signals from 167 Er isotope (natural abundance of 22.9%, nuclear spin I = 7/2). Spectral lines corresponding to 2↔3 transitions ( Figure 1b ) have only partly resolved HFS. It should be noted that the inter-doublet transitions, as compared with the intra-doublet ones, are additionally broadened and have additional fine structure (also observed earlier in Ref. [8] ) due to isotopic disorder in the lithium sublattices (crystal-field splittings depend on the relative number of 6 Li + and 7 Li + ions with natural abundances of 7 and 93%, respectively, in the nearest surroundings of an Er 3+ ion).
The observed EPR signals in LiLuF 4 corresponding to the 1↔6 transitions in the magnetic field B||c (not shown) have weak intensities because of small power of backward wave generators and weak detector (n-InSb) sensitivity at THz frequencies. The measured angular and frequency-field dependences for the inter-doublet transitions in LiLuF 4 :Er 3+ are shown in Figures 2 and 3 . The output power of the backward generator depends strongly on frequency, and in the measurements of the frequency-field dependences we selected the magnetic field orientations corresponding to the largest values of effective g-factors and the narrowest spectral lines to improve the signal to noise ratios.
The zero-field splittings (ZFS)   LiLuF 4   658 ±1 GHz and   LiLuF 4   1023 GHz were determined by making use the linear extrapolations of the measured frequency-field dependences (see Figure 3 ). It should be noted that it was difficult to register EPR signals corresponding to transitions between the ground (0) 56   doublet and the second excited doublet (2) 56  for magnetic fields B||c due to small effective g-factor, large line width and, correspondingly, small signal to noise ratio. The values of ZFS were additionally checked by comparing the measured and calculated angular dependences of resonant magnetic fields (see below).
The broad band EPR spectra of LiYF 4 :Er 3+ crystals corresponding to resonance transitions from the ground (0) 56  doublet to the first excited (1) 
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 doublet have been studied earlier in Ref. [8] . The value of   LiYF 4    GHz has been found. In the present work, we fulfilled detailed measurements of the inter-doublet transitions from the ground doublet to the second excited (2) 56  doublet. The frequencyfield dependences for transitions 1↔5, 2↔5, 1↔6 and 2↔6 in the magnetic fields B||c and Bc are shown in Figure 4 . The value of   LiYF 4    ±1 GHz is obtained directly from measurements in zero magnetic field (see Figure 4 ). The obtained values of ZFS   and   agree satisfactorily with the ones from optical spectroscopy data [1] [2] [3] , however, the correction for the   LiLuF 4 value (1023 GHz as compared with 1050 GHz [2] ) is essential.
Though the measured frequency-field dependences are practically linear, the ascending and descending branches shown in Figure 4 propagate asymmetrically relative to the line  2 = 828 GHz. This asymmetry gives evidence for mutual repulsion of Zeeman sublevels of different crystal-field doublets. Note, the transitions 1↔5 and 2↔6 between the Zeeman sublevels with almost the same magnetic moments (compare g  ( (0) 56  ) and g  ( (2) 56  ) in Table 1 ) are not observed in the collinear constant and alternating magnetic fields B||B(t) normal to the c-axis.
Measurements in the magnetic field Bc while rotating the sample of LiLuF 4 :Er 3+ around the c-axis revealed remarkable anisotropy of EPR spectra (see Figure 5a ). For different directions of the magnetic field in the ab-plane, not only the intensity of EPR signal varies strongly (the mechanism of such a strong intensity variation remains unclear at present time), but the position of the spectral line (a value of the resonant magnetic field) varies as well. Note that the decrease of the signal intensity is accompanied by the increasing asymmetry of the line shape, this brings about an increasing error in the measured line position. The measured angular dependence of the resonant magnetic field in the ab-plane is shown in Figure 5b (a similar variation of resonance frequencies in the magnetic field rotating around the S 4 symmetry axis in EPR spectra of LiYF 4 :Er 3+ was marked earlier in Ref. [8] ). 
Discussion
As has been shown earlier [6] , an external magnetic field mixes remarkably wave functions of crystalfield sublevels of the ground multiplet of impurity Er 3+ ions in LiYF 4 , and one has to include nonlinear in magnetic field terms into the effective Spin-Hamiltonian when describing the EPR spectra corresponding to intra-doublet transitions. In the present work, to analyze the measured frequencyfield and angular dependences, we consider the parameterized single-ion Hamiltonian operating in the total space of 364 states of the electronic 4f 11 configuration of an Er 3+ ion:
where H FI is the free-ion Hamiltonian written in the standard form [ 
The symbol  n in (2)-(4) means summation over 4f electrons with angular and spin moments, l n and s n , respectively, k = 0.99 is the orbital reduction factor. The matrix elements of operators L =  n l n , S =  n s n ,  n l n s n , k f (the angular parts of the two-electron electrostatic interaction), , [13] . Initial values of parameters in (2)-(4) were taken from Ref. [9] . The final set of parameters in the free-ion Hamiltonian (2) (in units of cm −1 ) for Er 3+ Table 2 ) were determined from the fitting procedure by making use of numerical diagonalization of the Hamiltonian (1) for fixed values and directions of the magnetic field B and the subsequent comparison of the measured resonance frequencies with the calculated frequencies of corresponding quantum transitions. The lattice constants of LiLuF 4 (a = 0.5146 nm, c = 1.05886 nm [14] ) are slightly less than the ones of LiYF 4 (a = 0.5164 nm, c = 1.0741 nm [15] ), and to describe the EPR spectra of Er 3+ ions in LiLuF 4 , it was necessary not only to enlarge the crystal-field parameters (see Table 2 ), but to slightly diminish parameters 2 F and  of the free-ion Hamiltonian (2) as well (for LiLuF 4 , 2 F = 96629 cm −1 ,  = 16.9 cm −1 ).
The g-factors for the Kramers doublets  (note, the g-tensor has diagonal elements only in the case of local S 4 symmetry) were simulated using the corresponding eigen-functions of the Hamiltonian (1) in zero magnetic field |   and | :  
The calculated g-factors (see Table 1 ) as well as the crystal-field splittings of the ground and several excited multiplets (see Table 3 ) of impurity Er 3+ ions in LiYF 4 and LiLuF 4 agree satisfactorily with our experimental data and the available optical data. 
Summary
The obtained sets of crystal-field parameters, the revised one for LiYF 4 :Er 3+ and the new one for LiLuF 4 :Er 3+ , can be used for predictions of spectral characteristics of the studied compounds that are necessary for its applications in quantum and optoelectronics.
